lacy flower-like (NLF) geometrical structure with semi-spherical head surfaces connected with a trunk as an arm was achieved. The designed semi-spherical head associated with abundant and the welldispersed tubular branches with needle-like open ends might lead to the creation of vascular vessels for facile diffusion and suitable accommodation of the released MANTs throughout active and wide-surfacearea coverage, multi-diffusive pores, and caves with connective open macro-/meso-windows along the entire top-view nanoneedles of lacy flower head and trunk. These electrode surfaces possess high-index catalytic site facets associated with the formation of ridges/defects on {110}-top-cover surface dominants for strong binding, fast response, and signaling of MANTs. The NLF-modified electrode enabled high sensitivity for MANTs and a low limit of detection of 6 nM. Ultrasensitive in-vitro monitoring of DA released from dopaminergic cells (such as PC12) was realized. The NLF electrode was used to detect MANTs from its sources (PC12), and it could be used for clinical diagnosis.
Introduction
Monoamine neurotransmitters (MANTs), such as dopamine (DA), norepinephrine (NE), and epinephrine (Ep), play a key role in the endocrine and central nervous systems. Fluctuation levels of MANTs are a result of some neurological or immunological diseases, such as Parkinson's disease, human immunodeficiency virus infection, and schizophrenia [1] [2] [3] . DA acts as a precursor of Ep and NE, plays a key role in movements, and can be used as a cardiac stimulant and in most potent vasopressin drugs [1] [2] [3] . DA and Ep are used to treat some diseases, such as allergy, asthma, cardiac arrhythmias, and infarction [4] . MANTs have a similar chemical structure, and they are often present in biological samples. Therefore, fabrication of an efficient electrochemical biosensor to monitor and determine MANTs in their receptors or resources is clinically needed.
Several techniques such as chromatography [5, 6] , mass spectroscopy [7] , fluorescence [8] , and electrochemical approaches [9, 10] have been used to detect MANTs. Most of these techniques have the following characteristics: i) need highly equipped machines, ii) time-consuming, iii) induce excessive costs, iv) required highly trained technicians, v) can be used in-vitro/in-vivo, and vi) adopt sophisticated procedures. By contrast, electrochemical methods are sensitive approaches for MANT detection [9] [10] [11] [12] . Electrochemical techniques are more widely used for monitoring MANTs because they do not require pretreatment of samples, have a fast response, allow on-site detection, and may be performed in situ [13] [14] [15] [16] [17] .
Several reports have shown the electrochemical responses of DA, such as modified electrodes with 3D nitrogen-doped graphene on Ni foam electrode, graphene nanosheet/SnO 2 nanocomposite, 3D interpenetrating graphene electrode, imprinted poly(nicotinamide)/CuO, graphene, N-doped carbon dots (CDs), N-doped graphene/MnO, cibacron blue/poly-1,5-diaminonaphthalene, and K + -induced DA released from dopaminergic cells (PC12) by ethylenediaminetetraacetic acid (EDTA)-immobilized polydiaminonaphthalene (pDAN)/graphene oxide (GO)/gold nanoparticles (AuNPs) [11] [12] [13] [14] [15] [16] [17] [18] . Electrochemical detection of Ep by using various modified electrodes, such as electrochemically pretreated glassy carbon electrodes (GCEs) [19] , carbon fiber microelectrodes [20] , polymer-film-modified GCEs [20] [21] [22] , and other modified electrode based on functionalized substrate [23] [24] [25] , has been reported. The sensitivities and linear ranges of all the methods using different modified electrodes are indicated in Table S1 , and all of them have low comparable detection limits. Simultaneous detection of two or three types of MANTs is difficult because they exhibit the same oxidation-reduction mechanism. Fabrication of modified electrodes based on metal-oxide nanomaterials, such as CuO, NiO, TiO 2 and Co 3 O 4 , is widely considered because of their good biological compatibility, large surface area, and special physical and chemical properties [26] [27] [28] [29] [30] [31] [32] [33] [34] . NiO is a tranties. The NLF was dried in an oven at 80
• C and annealed at 400 • C for 4 h.
Working electrode designing and formation
The NLF was dispersed in Milli Q water with concentration 5 mg/ml at room temperature and sonicated for 4 h for complete dispersion and unit formations. Thin films of NLF were fabricated by uniformly spreading 20 J-L solution of NLF onto the conducting surface of ITO glass substrate (2 cm × 1 cm). To control the exposed surface area of ITO substrate and for better electrical contact a definite area (1 cm × 1 cm) of the ITO electrode substrate were masked prior to the deposition. This process was repeated 3 times; the resulting electrode was dried overnight at room temperature, followed by washing with deionized water to remove any unbound particles.
2.3. Cell culture and in vitro study sition metal oxide that has received considerable attention in many ® The PC12 cell line was obtained from PC12 (ATCC CRL1721 TM ) applications, such as catalysts, lithium-ion batteries, and fuel cells, because of its intrinsic properties considered as antiferromagnetic materials, easy fabrication, building of novel construction with abundant active sites, highly efficient electrocatalyst, and good electrochemical conduction [35] [36] [37] [38] [39] [40] . Although many synthetic approaches can produce porous NiO and magnetism, achievement of a simple and feasible method for designing mesostructured NiO with a controlled morphology is highly desirable and remains a great challenge to material scientists.
In this study, a modified electrode based on the new design of NiO for monitoring MANTs was assembled. The controlled NiOlacy flower-like (NLF) morphology expressed the electrode design, which was similar to a lacy flower with a semi-round architecture connected by a trunk. The designed NLF surface was like a jagged surface with thick tubular pipes that spread with unity and homogeneity over the semi-round flower head surface. The designed NLF possessed intrinsic features, which play key roles in its electrocatalytic characteristics, such as active and wide-surface-area coverage, multi-diffusive pores, and caves with connective open macro-/meso-windows along the entire top-view nanoneedles of the NLF head and trunk. The actively catalytic surface of the modified electrode assembled with the designed NLF showed highly sensitive, selective, and fast responses of MANTs. The NLF-modified electrode provided highly sensitive detection of DA secreted from living cells under K + stimulation with low cytotoxicity and high biocompatibility. Sensitive monitoring of MANTs from dopaminergic cells enabled the potential use of our biosensing assay for clinical diagnosis of schizophrenia, Alzheimer's, and Parkinson's diseases.
Experimental

Synthesis of NLF
A new morphological NiO was synthesized by one-pot hydrothermal synthetic approach. (Ni(NO 3 ) 2 ·6H 2 O) (1 mM) was dissolved in a 100 mL volumetric flask containing 20 mL of deionized water and was stirred until it dissolved at room temperature. (NH 4 ) 2 HPO 4 solution (15 mL of 1 mM) in Milli-Q water was added to the above solution dropwise with continuous stirring. The prepared solution was transferred into a 100-mL Teflon-lined stainless-steel autoclave, sealed, and maintained at 160
• C for 8 h.
After the required time, a green precipitate was retrieved and rinsed with ultrapure water/absolute ethanol to remove soluble impuriand was cultured by incubation under 5% CO 2 at 37
• C in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal bovine serum (FBS), and 10% horse serum. The culture medium was replaced every 2-3 day. For cells visualization experiments using (NLF), cells were seeded in 6 well-plate under 2 × 10 6 Cells/ml. To enhance extracellular dopamine release, a desired amount of 20 mM KCl solution was added, kept in a humid chamber under 5% CO 2 at 37
• C for 15 min followed by thoroughly washing using Dulbecco's Phosphate Buffered Saline (DPBS). A desired amount of NLF (20 J-g/ml) was added to each well, incubated in a humid chamber for additional 30 min under 5% CO 2 at 37
• C followed by thoroughly washing using DPBS. Nuclear counter-staining was carried out using 0.1 J-g/ml of 4 , , 6-diamidino-2-phenylindole (DAPI) in PBS for 10 min. Finally, confocal microscopy measurements were observed using Leica TCS SPE5 X machine
Cytotoxicity and cell viability
The cytotoxicity of NLF was investigated by Cell Counting Kit-8 (CCK-8) assay. The cells (5 × 10 3 cells/mL) were seeded onto 96-well microplates to a total volume of 100 J-L/well and maintained at 37 • C in a 5% CO 2 /95% air incubator for 24 h. Then, NLF (10 J-L) with different concentrations were added (10, 20, 50 and 100 J-g/ml), and incubated for 24 h. The CCK-8 solution (10 J-L, 5 mg/ml) was added into each well and incubated for another 2-4 h in the CO 2 incubator. Then measure at absorbance of 450 nm using a microplate reader
Results and discussions
The controlled morphology of NiO architecture was synthesized by hydrothermal treatment after addition of (NH 4 ) 2 HPO 4 as shown in Scheme S1. The PO 4 3− anions act as morphology directing agent for controlled designing of NiO-lacy flower like. The formation of NiO-lacy flower like depends on the presence of ammonia and water, producing OH − anions, which directly reacts with a Ni High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) micrographs (Fig. 2) can provide the architecture of NLF, which is like a lacy flower with semi-spherical open flower surface and branched by a trunk like an arm. Fig. 1 (A-C) shows low and high magnification of HAADF-STEM from a crosssection of the NLF head. The head shows a unique morphology, which is like a jagged surface formed from well dispersed branched tubes like a needles spread out from inner to the outer surface with perpendicular alignment to the main head. The average size of the needles is approximately 15 nm as shown in Fig. 2C . The head architecture with relevant morphology provides the nature of catalytic active sites which works deeply during electrolyte diffusion at the surface of NLF. Focused ion beam (FIB) system was used to trim the thickness of the head of NLF surface using variable beam intensity until the thickness was 100 nm. Fig. 2 (D-a-D-d) shows a high at nanoneedle surface. Confirmation from ED resolution of low and high index lattice planes of (− 220), (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , (002), and (00-2) fringing around the bottom {110}-principle zone-dominant plan is shown in Fig. 2A (inset) . The elemental mapping of NLF reflects the unity dispersion of Ni and O at its surface and provides the chemical formation as shown in Fig. 2(E-a and E-b) . The NLF surfaces fully configured by FE-SEM and HAADF-STEM, and outline the structure and morphological features, and obtain the nanostructure attributed to the nanoneedles at its surface and highly crystalline order with dominant {110}-crystal plane.
Surface nature and atomic configuration of NiO around the {110}-crystal plane provide the interaction of MANTs at the modified electrode surface such as rapid electron transport and strong binding with the target molecules as presented in Fig. 3A . The NLF surface structure domain mesoporous framework construction around the {110}-crystal plane increases the actively energetic surface coverage for facile diffusion. Fig. 3B shows the electronic configuration of Ni 2+ and O 2− at the top surface around the axial {110}-crystal plane, and provides charge-rich iso-surfaces. Fig. 3B and C show the atomic single-layer and double-layer-exposed for configuration of {110} crystal surface plane. Furthermore, Fig. 3D and E illustrate the {110}-top-surface around the double-layer surfaces, which provide high-energy electron surfaces formed along the entire NiO crystal structure directed along the exposed surface. The 4-Ni 2+ -top surfaces (Fig. 3E ) enhance the electrocatalytic activity of Ni +2 with the target molecules by directly contacting with the target molecules, providing the reusability and multi-diffused open pores/cavities. This phenomenon directly influenced the sensitivity and selectivity, enabling several reuses/cycling of the catalysts.
Surface nature is provided by N 2 adsorption-desorption isotherms. Fig. S1A shows the N 2 adsorption-desorption isotherm, which identified as type IV with an H1 hysteresis loop [41] [42] [43] . [ [44] [45] [46] . Dominant mesoporous surface construction and high surface area of NLF enhance the diffusion or adsorption of the specific molecules and increase the electrocatalytic activity. The crystal structure and degree of crystalline surface of NLF are investigated using wide-angle X-ray diffraction patterns. Fig. S1 B shows sharp and well-resolved diffraction peaks for the NiO sample centered at at37. to the first-order transverse optical (TO) mode. The peaks of two phonons at approximately 760 and 1085 cm − 1 were attributed to two TO modes and two longitudinal optical modes, respectively, indicating the presence of pristine NiO [35, 36] . Further confirmations of the surface components of NLF, X-ray photoelectron spectroscopy (XPS) measurements were performed. Fig. S2 B shows a wide range of XPS spectra (i.e., survey) of NiO components. Fig.  S2C shows the Ni 2p spectra with the main peaks centered at 872.3 and 854.3 eV assigned to Ni 2p1 and Ni 2p3 of Ni(II) ions, respectively [35, 36] . The peaks of Ni 2p and O 1 s in the NLF undergo visible shifts to low binding energy compared with pristine NiO (Fig. S2(C  &D) . 
Electrochemical statements of the NLF-modified electrode
The electrochemical behavior of NLF-modified electrode was investigated using cyclic voltammetry in 0.1 M PBS (pH = 7.0) containing 0.1 mM [Fe(CN) 6 ] 3− within potential range from − 0.2 V to 0.8 V (vs. Ag/AgCl) at a scan rate of 100 mV/s (Fig. S3A) as a redox probe [11] [12] [13] [14] . As obtained in Fig. S3A (wine line), the peak-to-peak separation (�Ep) value of the NLF-modified electrode (183 mV) is significantly lower than that of the ITO (204 mV) electrode ( Fig.S3A (blue line) ). These results provide that the electron transfer was affected by the fabrication of NLF at ITO electrode. The nanoscale design of NLF, novel construction and dominant mesoporous enhance the NLF nature and increase the catalytic active sites at the nanoscale surface for the Faradaic redox reaction [48] [49] [50] [51] . The anodic and cathodic current of [Fe(CN) 6 ] 3− at the NLF-modified electrode is higher than that of the bare electrode (ITO) within threefold, enforcing the high active surface area of the designed electrode.
Further confirmation of the active modified electrode surface; impedance spectroscopy measurement was performed, the semicircle diameter reflects the electron transfer resistance (Ret) of the electrode, and the line reflects the diffusion of the electroactive species [48] [49] [50] [51] . NLF-modified electrode obtains a further decrease in extremely low Ret value and high conductivity. These results suggest that the designed NLF enhances the electron-transport efficiency of the ITOmodified electrode surface [48] [49] [50] [51] . Our finding promotes that the NLF with (i) geometric shape lacy flower with a head and trunk and (ii) formation of a 15-20 nm nanoneedles at the top of head surface, and iii) mesostructured with high-index lattice fringes along the principal {110} plane may lead to the creation of effective electrocatalyst surface for electron diffusion and mass transport pathway. The electrooxidation of MANTs at the surface of NLF-modified electrode was investigated using differential pulse voltammetry (DPV) in the presence and absence of the target molecules in 0.1 M PBS pH = 7, pulse height of 60 mV, pulse distance of 200 ms, pulse width of 25 ms, and step height of 5 mV. A well-resolved DPV peaks centered at 0.12, 0.17, and 0.21 V for 5 J-M Ep, 5 J-M NE, and 5 J-M DA, respectively as shown in Fig. 4 (A-C) . The electrooxidation of MANTs such as Ep, NE, and DA because of the oxidation form formation of o-quinone with losing of 2e − /2H + . Highly current response upon addition of MANTs at low concentrations (5 J-M) during the comparison between 0 and 5 J-M are observed at honestly applied potential. This result is related to the high electrocatalytic performance of NLF-modified electrode throwing its surface (Figs. 4(A-C) ). High surface area and dense active sites expose and induce the electrocatalytic oxidation of MANTs with easy molecular diffusion and high electron transfer at the NLF-modified electrode. Highly electrocatalytic activity and easily diffused molecules at the surface of the NLF-modified electrode are the key roles for enhancing the peak potentials of MANTs. The difference between the oxidation peak potential (�E) between Ep and NE (�E EP-NE = 0.05 V), NE and DA (�E NE-DA = 0.04 V), and Ep and DA (�E Ep-DA = 0.9 V) strongly support the highly electrocatalytic, and easy diffusion of MANTs at the surface of the modified electrode. One-step signaling of two or three forms of MANTs shows a broad DPV peak. Fig. S4 (A-C) shows a broad DPV peak upon screening of 20 J-M of NE and DA. The same behavior was observed for 20 J-M of Ep and NE. a wide and high DPV peak is obtained upon screening of the three molecules in one pot (5 J-M of Ep, NE, and DA). All the neurotransmitters have the same oxidation mechanism but a slight difference in the chemical structure, so they overlapped and broaden the DPV peak.
Sensitive and selective screening of MANTs
Validation of sensitive detection of MANTs (Ep, NE, and DA) was performed at the NLF-modified electrode in 0.1 M PBS, pH = 7.0 using DPV at a pulse height of 60 mV, the pulse width of 25 ms, pulse distance of 200 ms, and a step height of 5 mV. The oxidation peak currents of Ep increased with increasing its concentration ranging from 1 J-M to 32 J-M (Fig. S5A) Fig. 5A and its inset. This result configures that the NLF-modified electrode has high sensitivity for Ep as compared with l-cysteine/GCE and triazole SAM/GCE as presented in Table S1 [23, 24] . The same response was observed for NE and high amperometric response at 0.17 V with a step adding of 0. (Fig. 5C, inset) . The detection limit Table S1 , NLF-modified electrode has lower detection limit compared with graphene nanosheet/SnO 2 [12] , 3D reduced GO [13] , N-doped graphene/MnO [16] , and cibacron blue/poly-1,5-DAN [17] . Meanwhile, NLF-modified electrode has higher detection limit than molecularly imprinted poly(nicotinamide)/CuO NPs [14] , N-doped CD [15] , and GO/AuNPs/pDAN-EDTA [18] , whereas NLF-modified electrode has higher linear range. Cell Counting Kit-8 (CCK-8) was used for investigation of cell proliferation and cytotoxicity assays. The cytotoxicity of NLF was investigated upon incubation of PC12 with various concentrations at 37
• C for 48 h. The metabolic activity of PC12 cells decreased as concentration increased (Fig. 6B ). Untreated cells were acts as a control for all measurements. The NLF provides low cytotoxicity for PC12 cells, where 27% cells were lost at high concentration 200 J-g/ml and around 8% for 10 J-g/ml. Thus, NLF has no significant effect on the cell populations and provides low cytotoxicity and cell viability. Furthermore, the biocompatibility and application of NLF for in-vitro studied; PC12 cells were visualized using laser scanning confocal microscopy measurements after confirming the active wavelength region (Fig. 7) . After incubation of PC12 cells (5 × 10 5 cells/mL) with 0.1 J-g/ml of NLF for 4 h, then counterstaining the cells with4,6-diamidino-2-phenylindole (DAPI) as nuclear counterstaining. An in vitro model was adapted to study the interaction of NLF (20 J-g/ml) and PC12 cells (5 × 10 5 cells/ml) with providing its biocompatibility. The DAPI (0.1 J-g/ml) was used for PC12 cell nuclear counter-staining without incubation with NLF, which indicates the localization within the cell (Fig. 7A) . Fig. 7B and D shows the co-localization and matching between NLF and DAPI counterstain under K + incubation, which reflects high degree of matching positivity. In addition, biocompatibility was observed after confocal microscopy visualization of the cells incubated with NLF ( Fig. 7B and D) (20 J-g/ml) and control ( Fig. 7 A and C) , wherein no cell structure change or cytoplasm damage was observed and the micro unit of NLF was clearly obtained with cell imaging with high degree matching of biocompatibility. All these studies confirmed that the NLF can also be used as a real in vitro model for extracellular DA-sensing with high sensitivity, biocompatibility and low cytotoxicity.
Stability and reproducibility
The NLF-modified electrode reproducibility was investigated. DPV was used for this experiment under optimization conditions. The oxidation peak currents obtained from 10 J-M DA on NLFmodified electrode are tested for 5 electrodes. The relative standard deviation of the five amperometric response assays is 2.5% as evidenced by the fitting plot of the response current graphs (Fig.  S7A) . The reusability of the NLF-modified electrode was confirmed upon signaling of 5 different samples containing 10 J-M DA. The% RSD = 3.7 after successive monitoring of DA at the same electrode for 5 samples and every time the NLF -modified electrode washed with distilled H 2 O (Fig. S7B) . As a result, the reused NLF -modified electrode showed high sensing response efficiency (i.e., 98%) despite five reuses/cycles.
Conclusion
A simple, reliable electrode was successfully developed for sensitive detection of monoamine neurotransmitters and successful in vitro monitoring of DA released from dopaminergic cells such as PC12-induced K + . The NLF was characterized using different techniques, confirming the structure, which is like a lacy flower with a head and trunk, wherein the head size was in the range of 3-4 J-m and the trunk size was 1.5-2 J-m. The NLF structure was stable, and the head consists of a nanoneedle at its ends and covers the entire head with an average size of 15 nm. The novel structure of NLF shows the high surface area of 60.2 m 2 g − 1 with dominant mesoporous structure, and smooth surface of nanoneedles, indicating the high sensitivity and selectivity of MANTs molecules using our designed electrode. The NLF reflects the electrocatalytic effect of the electrode surface with many active sites, easy diffusion of molecules and high electron transfer at the electrode-electrolyte interfaces. The NLF-modified electrode exerts excellent electrocatalytic activity toward MANTs in the presence of single, binary or tertiary mixture. The NLF-modified electrode shows sensing functionality in terms of high sensitivity, wide-range concentration detection, and low limit of detection up to 6 nM. The fabricated electrochemical electrode was further used for the detection of DA released from PC12-induced K + in biological samples. Our results show that the NLF-modified electrode successfully monitors and quantitatively detects monoamine neurotransmitters released from living cells, which can be used in clinical diagnosis. Furthermore, high biocompatibility and low cytotoxicity NLF provides a promising in vitro model for extracellular DA signaling from living cells.
